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and patient safetyWlad T. Sobol, PhD, DABR, DABMP ⇑AbstractRecent advances in MRI technology are presented, with emphasis on how this new technology impacts clinical operations (better
image quality, faster exam times, and improved throughput). In addition, implications for patient safety are discussed with empha-
sis on the risk of patient injury due to either high local specific absorption rate (SAR) or large cumulative energy doses delivered
during long exam times. Patient comfort issues are examined as well.
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The Magnetic Resonance Imaging (MRI) diagnostic imag-
ing modality has enjoyed tremendous growth since its
introduction to clinical practice in the early 1980s. By
now it is firmly established as one of the preferred diag-
nostic imaging tools. After thirty years of intense research
and development, the MRI technology has matured and
the pace of technological changes introduced to the mar-
ketplace has slowed. However, recently the medical equip-
ment manufacturing industry introduced new lines of MRI
systems that represent a significant improvement over the
existing status quo. These systems are about to cause an-
other paradigm shift in MRI practices by altering clinical
applications that were thus far difficult, time consuming,
or erratic in performance. With new systems, they become
so robust that they get rapidly incorporated into the MRI
standards of practice. A couple of years ago such a change
occurred with the introduction of a new line of MRI scan-
ners, dubbed ‘‘wide bore’’. This technology is the focus
of this paper.Peer review under responsibility
of Saudi Ophthalmological Society,
King Saud University
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e-mail address: wts@uab.eduBut progress has its price. Historically, MRI examinations
were described as ‘‘safe’’ because the method is noninvasive
and does not use ionizing radiation to produce the images. In-
deed, in comparison to most other diagnostic procedures
performed in hospitals and clinics, an MRI scan appears to
be so benign that it could be considered harmless, and by
extension, safe. Any possible hazardous side effects associ-
ated with MRI technology have been kept in check by estab-
lishing operational limits of the scanner’s hardware with such a
wide safety margin that the risk of injury to a scanned patient
was small enough to be easily manageable. Not anymore. In
the quest for improved image quality and increased speed
of imaging, the newest MRI scanners push the operational
characteristics of hardware into areas where the safety margin
is no longer wide enough to allow scanning of any patient
without the need for careful inspection of safety issues for
each patient, for each exam, and for every scanning se-
quence. The latter part of this paper focuses on the impact
of the newest technology on maintaining the safety of imaged
patients. The risks are real, and for some patients and scan-
ning scenarios, they are greater than most people think.Production and hosting by Elsevier
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Figure 2. Wide bore MRI systems have a large, 70 cm in diameter,
magnet bore (measured at the walls of a finished product). This makes
patient access and comfort levels much better in comparison to legacy
MRI systems. The picture shows the bore of an SMS Aera 1.5T MRI
system. Image courtesy of Siemens Medical Solutions.
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The magnet
With the launch of its Espree MRI system in November
2004, the Siemens Medical Solutions (SMS) unveiled a tech-
nological breakthrough, building a 1.5T tunnel magnet that
was only 125 cm long and had a very large bore, 70 cm in
diameter. The mainstream MRI equipment manufacturers
downplayed the significance of this development by pointing
out the new magnet’s shortcomings – large geometric distor-
tions that limited the field of view (FOV) along the magnet
bore to about 30–35 cm and required aggressive software-
based image distortion corrections. But radiologists (and
their patients) loved the new design. Its success bred a new
line of magnets, dubbed ‘‘wide bore’’, introduced by major
MRI vendors within the 2009–2011 time frame. The flagship
products in this category include GE Healthcare (GEHC)
1.5T Optima 450w introduced in the US on August 26,
2009 (Fig. 1) and 3T Discovery 750w, announced on October
6, 2011; SMS 1.5T Aera and 3T Skyra, available worldwide
outside USA since 2009 and introduced in the USA on Octo-
ber 24, 2010; and Philips Medical Systems (PMS) Ingenia
product line (both 1.5T and 3T) launched on December 2,
2010 with production beginning in July 2011.1–6
What are the common characteristics of the magnets used
in these systems? They all have the patient bore diameter of
70 cm (Fig. 2), and their length is only slightly elevated when
compared to the Espree magnet (Espree – 125 cm, Optima
450w and Aera – 145 cm, Ingenia 1.5T – 150 cm). Their spec-
ification volumes (SV) are larger than the Espree’s (Espree –
45  45  35 cm; Optima 450w – 47  47  42 cm, Aera –
50  50  45 cm, Ingenia 1.5T – 55  55  50 cm). The SV re-
fers to an ellipsoidal volume inside the bore that is suitable
for imaging; it is specified by manufacturers using three
diameters of spherical volume (DSV) that represent the three
major axes of the SV ellipsoid. The guaranteed magnetic field
homogeneity is significantly better than Espree’s due to lar-
ger DSVs of the new magnets (Espree 64 ppm, Optima
450w 61.25 ppm, Aera 64 ppm, Ingenia 1.5T 65 ppm).
Why does it matter? From a user’s point of view, there are
several reasons. Large bore diameter significantly facilitates
inpatient MRI studies. Inpatient MRI exams are often per-
formed on very sick patients who have several devices at-Figure 1. An Optima 450w wide bore 1.5T MRI scanner, manufactured
by GE Healthcare. Image courtesy of GE Healthcare.tached or implanted (catheters, IV lines, PICC lines, vital
signs monitoring sensors, drug infusion pumps, anesthesia
equipment, etc.). Many patients are unconscious or uncoop-
erative, requiring close monitoring and easy access at all
times. These logistics are much easier to manage when a
large bore magnet is available. For outpatient studies, two
aspects of operations favor wide bore magnets. The first
one is the patient’s anxiety associated with the exam. This
is often attributed to claustrophobia, but statistics show that
less than 5% of the population actually suffers from claustro-
phobia, while various sources report the incidence rate of
anxiety-related reactions during MRI scan in the range of 4–
30%, with 3–5% of patients unable to complete the MRI
examination.7 Thus, in ambulatory settings, having a scanner
with an open, unobstructed bore significantly facilitates oper-
ations, leading to exams with better image quality acquired
in a shorter scan time. The other issue is large patients. In
the past, the patient transport system on an MRI scanner
had a weight limit of about 350 lbs. All wide bore systems
discussed here have much larger weight handling capacities
(Optima 450w – 500 lbs., Aera – 550 lbs., Ingenia – 550
lbs.). This feature, combined with the availability of a much
larger bore size, makes it much easier to accommodate large
patients, as illustrated in Fig. 3. This is a significant issue in
the USA, where a growing prevalence of obesity in the gen-
eral population is well known.
What is the downside of having a wide bore magnet? It
does not appear that any exist, except for the slightly in-
creased risk of adverse effects associated with large spatial
variations of the magnetic field, which will be discussed in
the section on safety concerns below.The RF subsystem
There is a revolution under way in MRI technology that has
to do with the way the entire radiofrequency (RF) subsystem
Figure 3. Wide bore magnets, equipped with large load carrying patient
tables, allow scanning of very large patients, as illustrated with this picture
of a PMS Ingenia system. Image courtesy of Philips Medical Systems.
Recent advances in MRI technology: Implications for image quality 395is designed, built, and operated. Let us consider receive RF
coils first. The term ‘‘RF coil’’ refers to a sensor whose role
is to pick up the weak NMR signals, generated by the
scanned subject’s body, for further processing and image
generation. The term is widely used despite obviously being
a misnomer – an MRI receiver coil does not even remotely
look like a coil and, strictly speaking, is an RF resonator (or
an antenna). The ‘‘phased array’’ (PA) concept (a term appar-
ently borrowed from radar antenna technology) is well known
and in wide use in MRI scanners. In PA design, the RF receiver
resonator contains multiple elements that are electrically iso-
lated and feed into separate, autonomous data processing
channels, as illustrated in Fig. 4. With proper design, a signif-
icant increase in the signal-to-noise ratio (SNR) in the result-
ing images can be achieved. So far, so good. But, this
technology has been around for over 15 years, so why get ex-
cited about it now?
In a word, unbundling. In traditional design, all PA ele-
ments are physically embedded within a single object that
people call the MRI coil. SMS broke that tradition by intro-
ducing the concept of the Total Imaging Matrix (TIM) with
the launch of Magnetom Avanto on December 1, 2003. In
its original implementation TIM allowed the grouping of sev-
eral coils, plugged into their own receiver channels, at the
same time. This was, by itself, a technological marvel given
that up to that moment, plugging more than one coil into
the MRI system was a sure way to damage the hardware.
But a true breakthrough came with the realization that the re-
ceiver elements do not have to be physically contained withinFigure 4. The principle of operation of multi-segmented MRI receiver
resonators, called ‘‘phased array coils’’.a single piece of hardware, i.e. a ‘‘coil’’ could be built up by
the user, combining several elements available as separate
pieces, to fit the imaging task at hand. This approach was first
implemented in SMS Magnetom Espree, where the spine ar-
ray formed the main building block allowing different addi-
tional pieces to be plugged in and selectively activated by
the operator as needed. The significance of this solution is
difficult to overestimate. It looks kind of obvious today, since
everybody is implementing this approach in one way or an-
other, but the engineering prowess needed to develop the
original solution was remarkable.
The revolution in RF receiver coil designs continues. The
wide bore scanners discussed here have taken the concept
of distributed coil elements to a new level. These scanners
all have the spine coil built into the table permanently; other
elements of the receiver PA are added by the operator on an
as-needed basis, as illustrated in Fig. 5. SMS calls their design
a TIM (an acronym for total imaging matrix); GEHC – GEM
(geometry embracing method); and PMS – dS (dStream).
What does the user gain from this approach? The primary
goal is the improvement of a signal-to-noise ratio (SNR).
Higher SNR means speed (fewer image artifacts due to pa-
tient motion, faster scan time), higher SNR means better im-
age quality (less noise), and higher SNR means new clinical
applications (high resolution MRI images used for neurosur-
gery planning). Let us look more closely how the technology
advances led to improved SNR performance of the MRI
scanners.
First is the issue of the number of receiver channels. The-
oretically, a phased array consisting of N independent ele-
ments feeding N decoupled receiver channels, under an
ideal scenario of having totally uncorrelated noise among





times larger than one produced with
a coil composed of a single element.8 Thus, at first glance
it would appear that the more the channels, the better. Taken
to its logical limit, the best system would have as many chan-
nels as there are protons in the human body, so that each
spin will have its independent, noise-decoupled receiver
channel. This idea is absurd, for two reasons: it is impossible
to build electromagnetic signal sensors that collect data from
the same region in space and are fully noise-decoupled, and
it is impossible to build sensors that have non-overlapping re-
gions of signal pickup sensitivity. Thus, there is a limit to the
number of receiver channels on the MRI scanner, beyond
which no further improvement in SNR is observed. Where is
it? Nobody appears to know at the moment. Thus, we ob-
serve a trend of adding receiver channels to the system al-
most daily (GEHC Optima 450w supports up to 32
channels, SMS Aera up to 64, and Ingenia, in theory, an infi-
nite number). In the Ingenia, signals are captured and digi-
tized within each coil itself, making the concept of ‘‘number
of receiver channels’’ moot (there are as many as the number
of the analog-to-digital converters (ADCs) the coil contains) –
see Fig. 6. One has to realize that there is another process at
play in this game. Adding receiver channels to the system
hardware is easy and relatively inexpensive (the circuits are
similar to cell phone technology). Making RF receiver coils
with good performance is very difficult and not fully mastered
yet, making them a ‘‘hit or miss’’ proposition for users (one
never knows how good a particular coil really is until one
starts using it routinely). Thus, efforts to improve the RF coil
Figure 5. An example of modular approach to receiver coil design,
showing elements of a SMS TIM system. (a) The spine array is located
under the cushion on the tabletop, additional elements (in this case, two
flex coils) can be added as needed and plugged into receptacles visible at
the far end of the table. (b) Patient setup using a spine array (under the
patient), posterior and anterior head arrays, neurovascular array on top of
patient neck, and torso array on the patient’s chest. All coils are plugged
in and could be used at the same time. Images courtesy of Siemens
Medical Solutions.
Figure 6. An example of a modular design, showing elements of a PMS
dStream system. A head receiver coils has a posterior element, called a
Base (visible a bottom part of the head assembly) and exchangeable top
elements, either a Head (a), or HeadNeck (b). In the Head configuration
the system uses up to 15 receiver channels, in the HeadNeck configu-
ration – up to 20 channels. Images courtesy of Philips Medical Systems.
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ment and within the next few years users can expect rapid
changes in the market offerings in this area.
Another major improvement in the receiver subsystem
performance is a design that positions the digitizers as close
to the pickup elements of the coils as possible. In the past,
the analog connection between the coils and the bank of
ADCs was quite long (up to about 100 feet) and those analog
signal-carrying wires injected its own noise into the data. By
moving ADCs close to the coils, that noise source was elimi-
nated, improving the SNR significantly. In a majority of wide
bore systems, the ADC circuitry is now located within the
magnet enclosure itself – see Fig. 7. PMS took an extremeapproach and in their Ingenias incorporated ADCs within
the coils themselves, so that each coil contains integrated
digitizers for all its channels and outputs digital data via a fi-
ber optic cable. This solution appears so obvious, so why has
it been implemented only now? It is extremely difficult to
make electronic RF circuitry work well in strong magnetic
fields, so we are witnessing another major achievement of ad-
vanced engineering.
What is the downside of having all this wizardry available
on the MRI scanner? With scanners so powerful, users have
to face elevated risks to patient and operator safety, due to
significant increase in operational levels of magnetic and RF
fields. These issues are discussed below.
Safety and patient comfort
Fundamental risks associated with MRI technology are
quite well known and thus are not going to be repeated here.
Figure 7. New design of the receiver pathways, as illustrated by the
GEHC Discovery 750w system. The digitizing circuitry is located close to
the receiver coils, shortening the analog signal path which leads to
improved SNR in produced images. Image courtesy of GE Healthcare.
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consult relevant literature, for example, the ACR Guidance
for Safe MRI Practices.9 The discussion that follows focuses
instead on specific aspects of personnel and patient safety
that have changed as a result of different performance char-
acteristics implemented on the newest MRI hardware.
There are many regulations and industry standards that
address the issues associated with the safety of MRI examin-
ations. These documents tend to be country-specific, for
obvious legal reasons. However, regulators in several coun-
tries (European Union, United States, Canada, Japan, Austra-
lia and New Zealand) adopted a common, well-known
standard, developed by the International Electrotechnical
Commission (IEC). The document in question is titled Partic-
ular requirements for the basic safety and essential perfor-
mance of magnetic resonance equipment for medical
diagnosis and is part of a large IEC 60601 standard that deals
with safety aspects of design and operation of medical elec-
trical equipment. The part of the standard that addresses
MRI issues is currently in its 3rd edition10, but most equip-
ment in use today adheres to the earlier, 2nd edition of this
document.11 Because this standard is very comprehensive
and is so widely applied, it will be used as a reference bench-
mark in the discussion that follows.RF energy deposition
RF pulses used by the MRI scanner to manipulate proton
spins within a patient’s body deposit energy in the tissue that
is located within the transmit coil’s active volume. This energy
is released in tissue as heat, produced by eddy currents gen-
erated by the RF energy irradiating a conductive matter, such
as human tissue. If a patient’s thermoregulatory mechanisms
are unable to dissipate the additional energy quickly, the irra-
diated tissue’s temperature will rise. If the tissue’s tempera-
ture rises above 42–43 C for several minutes, tissue
damage will occur.12 The effect is stronger (more damage
in shorter time) as the temperature increase gets larger.
In practice, it is very difficult to monitor local temperature
increases within a human body in real time. Thus, the industry
standard relies on the concept of specific absorption rate
(SAR) and specific absorbed energy (SAE) to establish safeoperational limits for MRI scanners. SAR is defined as RF
power deposited in a specified volume: whole body SAR
averages the power over the entire patient’s body; partial
body SAR averages over the volume of the patient’s body lo-
cated within the effective volume of the RF transmit coil,
head SAR averages over the volume of the patient’s head,
and local SAR represents an average over a localized volume
of tissue having a mass of 10 g.10 The SAE is defined as spe-
cific absorbed RF energy (per kilogram of tissue, averaged
over the entire body) per entire MRI examination. There are
many detailed limits specified in the IEC standard, but under
normal clinical operating conditions, the whole body SAR can
go up to 4 W/kg, with local SAR allowed to reach up to 40 W/
kg (for extremities, in the first level controlled mode). SAE
limit is set to 14.4 kJ/kg per MRI examination.10
What do those numbers mean? To put things in perspec-
tive, let us look at some examples, using data provided in the
FAO Report on Human Energy Requirements.13 The bench-
mark, used to evaluate the human energy consumption is
the Basal Metabolic Rate (BMR). It describes the minimum
energy rate required to sustain life. Any human activity re-
quires additional energy expenditure that the FAO catego-
rizes using a concept of Physical Activity Ratio (PAR):
TEE ¼ PAR  BMR
where TEE is the total energy expenditure for a given human
activity. PAR of 1 describes total inactivity (including relaxed
mental state), the highest value of PAR = 12.2 listed by the
FAO describes the energy used by a firefighter climbing stairs
in full gear.
To put SAR values in perspective, let us consider an exam-
ple of a standard reference man, a male adult 30–60 years of
age; his BMR is 7.013 MJ/day, or 1.16 W/kg. What kind of
activity would result in generating 4 W/kg release of heat
within his body? Since human energy efficiency is about
20%, then the additional energy required to release 4 W/kg
as heat would be 5 W/kg above and beyond the BMR, result-
ing in the TEE of 6.16 W/kg, and the PAR of 5.3. That level of
PAR is associated with such vigorous activities as playing ten-
nis, mixing cement with a shovel, digging, or carrying a 27 kg
load with a forehead strap. And herein lies the problem.
Under normal conditions, the heat generated by human
activity is dissipated by body thermoregulatory mechanisms
and environmental factors (sweating, cooling oneself by fan-
ning or standing in a breeze, drinking cold fluids, or taking a
cold shower). How quickly would a patient’s body tempera-
ture increase to dangerous levels if the thermoregulatory
mechanisms were not working? The average tissue specific
heat is about 3,600 J/oC kg, so dumping 4 W/kg into the tis-
sue would result in a temperature increase of 0.0011 C/s, or
0.07 C/min, or 4 C/h. If we consider the upper SAR limit for
extremities, 40 W/kg, the temperature rise estimates will in-
crease to 0.011 C/s, 0.7 C/min and 40 C/h, respectively.
Thus, if we were to scan a patient with severely compromised
thermoregulatory capacity, say, in the left forearm, and used
aggressive extremity scanning protocol with a highest al-
lowed SAR of 40 W/kg, we could start cooking the arm in
about 10 min! These examples are meant to alert the reader
that advanced MRI scanners can significantly elevate the risk
of patient’s tissue overheating, especially when fast, high
SAR scanning sequences are used to image large patients
with compromised thermoregulatory capacity.
398 W.T. SobolThe proximity of a danger zone can be illustrated by an-
other example. The US Food and Drug Administration’s
(FDA) MAUDE database contains reports of adverse events,
associated with the use and operation of medical devices.14
A search for adverse events associated with MRI, reported
to the FDA within the eighteen month period (1/1/2011 to
6/30/2012) reveals 253 incidents associated with MRI scan-
ners (product code LNH) and 8 incidents associated with
the use of specialty MRI coils (product code MOS). About half
of the listed incidents report thermal injury to the patient.
Most of these injuries involve localized damage, such as
burns up to the third degree and up to about 7 cm in size,
but there are reports of sentinel events that resulted in seri-
ous injury to the patient.dB/dt, or time-varying magnetic fields
There are safety issues associated with time-varying mag-
netic fields produced by an MRI scanner, such as Peripheral
Nerve Stimulation (PNS), and spatially-varying magnetic
fields, such as interactions with ferromagnetic objects (strong
pulling on ferrous objects brought close to the magnet).
However, here we want to focus on risks associated with
scanning patients with implanted hardware. Most implants
used today carry the ‘‘MRI conditional’’ designation, which
means patients carrying them can undergo MRI examination
if certain restrictions are met. Most manufacturers of im-
planted devices specify, as one of the conditions, that the
rate of change of magnetic field over the region of the body
containing the device does not exceed a set value. For exam-
ple, Medronic specifies that the gradient dB/dt field must be
limited to 20 T/s or less over the location of an implanted
Deep Brain Stimulator, such as Activa RC Model 37612. What
does that mean and how is this information used to evaluate
the risk associated with a specific examination?
Thus far, the evaluation of an MRI system for compliance
with such restrictions focused on gradient subsystem (MFG)
performance. Thus, one would start with maximum slew rate
(SR – the measure of how fast the gradients could be ramped
up to their required strength, a vital characteristics of a scan-
ner). From the product datasheets one can find out the SR
ratings of the wide bore scanners: Optima 450w – 150 T/
s m, Discovery 750 – 200 T/s m, Aera – 125 T/s m, Skyra –
200 T/s m, Ingenia 1.5T with Omega gradients – 200 T/s m,
Ingenia 3T with Omega gradients – 200 T/s m. To arrive at
the maximum dB/dt rate, we have to multiply the SR by the
patient bore radius, in this case 0.35 m (the same for all sys-
tems) to calculate the greatest rate of change of the mag-
netic field, which in case of MFG is at the point farthest
away from the magnet isocenter. Thus, we get dB/dt ranging
from 43.75 T/s (for Aera) to 70 T/s (for systems with SR of
200). Thus, it appears that if we limit the SR to 57 by selecting
appropriate scanning sequences, we should be in a safe
territory.
Not necessarily. In the analysis presented above, the ef-
fects of spatially-varying fields produced by the magnet have
not been included. An MRI magnet produces a very uniform
static magnetic field only within its specification volume that
is centered on the magnet’s isocenter. Outside this volume,
the strength of the field starts decaying rapidly (everyone
wants a magnet with a very small fringe field footprint), pro-
ducing static magnetic field gradients that are, for the widebore magnet designs, strongest in the region of the magnet’s
bore entrance. Since static field gradients do not induce elec-
trical currents in space, most people assume they play a role
in ferromagnetic interactions, but can be disregarded in dB/
dt analysis. This is not quite the case. For example, the Inge-
nia 3T magnet has a maximum static spatial gradient of 17 T/
m, located near the edges of the magnet bore entrance. If we
pull the patient out of the bore moving the table at 2 m/s
(e.g. in an emergency situation) we will generate a time-vary-
ing dB/dt of 34 T/s, thus creating a serious risk of a sentinel
event occurrence. With recent news on the development of
MRI-compatible pacemakers, situations where the patient
with a pacemaker will qualify for and undergo an MRI exam-
ination are bound to emerge; proper procedures to guard
against situations as those described above must therefore
be developed and adhered to.
Conclusions
MRI technology continues to evolve, introducing new sys-
tem designs that produce better image quality, yield larger
throughput, and introduce new scanning methods that con-
tinue to change diagnostic imaging standards of practice.
When run correctly, MRI scanners are perfectly safe. How-
ever, the newest models are capable of running with charac-
teristics that are much closer to the safe operational
boundaries than the legacy systems have been. Thus, extra
care and vigilance are required of the operator, especially
when using heavy-duty scanning protocols (such as DTI, fMRI,
DCE, or single shot acquisitions, for example). Patients with
implanted devices, compromised thermoregulatory capabili-
ties, or with impaired capability to sense or communicate
heat sensations should be scanned with utmost care. This
particularly applies to the inpatient population, where cases
of patients that are unconscious, are sedated, are locally
anesthetized, are thermally insulated, have a fever, are on
drug regimes that might affect their thermoregulatory capa-
bilities, have an impaired capability to perspire, or are at risk
of cardiac arrest are far more frequent than in the outpatient
population.
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